Blending with a hydrogen-bonding supramolecular polymer is shown to be a successful novel strategy to induce microphase-separation in the melt of a Pluronic polyether block copolymer. The supramolecular polymer is a polybutadiene derivative with urea-urethane end caps.
Block copolymers are a fascinating class of macromolecules which have the ability to self-assemble into morphologies with ordered microphase-separated structures in solution, [1] [2] [3] [4] and in the melt 2, 5 and solid 1,2 state. The ordering of these structures can be controlled with remarkable precision and as such these materials have received considerable interest in recent years [6] [7] [8] as a result of their remarkable mechanical and structural properties. 1, [9] [10] [11] Blending of polymers provides a further versatile tool to tune morphology and properties. Triblock copolymers have been blended with homopolymers that selectively hydrogen bond with one of the blocks. 12, 13 Both of the individual polymers were disordered but upon mixing, a disorder-to-order transition was observed, creating ordered microphase -separated melt structures including cubic and lamellar morphologies. Order to order transitions have also been reported, for example from an FCC to a lamellar phase which is due to an increase in the effective Flory-Huggins interaction parameter between the components. 14 Here we show that a strategy employing non-covalent interactions via blending with a hydrogen-bonding supramolecular polymer can be used to produce microphase separation in the melt of a well-known Pluronic type polyether block copolymer. This is interesting because the interaction is mainly driven by the urea-urethane functionalities in the polymer end groups, in contrast to existing studies on Pluronics interacting with homogeneous H-bonding polymer chains such as polyacrylic acid. 12 In other words, there are only a few H-bonding interactions per supramolecular polymer chain. We used as a model amphiphilic copolymer Pluronic P123 15 which was blended in the melt with the urea-urethane end-capped supramolecular polymer, PB-UR-OH 16 (see Scheme 1) to investigate whether it was possible to create microphase-separated morphologies with novel structural and mechanical properties. Supramolecular end-capped bisurea and urea-urethane polymers possess the capability of forming hydrogen bonds by the association of the end-groups and bisurea moieties of the supramolecular segmented supramolecular polymers. [16] [17] [18] [19] [20] [21] [22] [23] Pluronics are a series of amphiphilic polyether block copolymers that continue to be exploited in many applications. 3, 7, 24 To gain an insight into the structure and properties of the polymer blends, rheology, small -angle X-ray scattering (SAXS) and Fourier transform infrared (FTIR) spectroscopy were performed. The rheology and SAXS results can be coupled to provide a link between the macroscopic properties and the microstructure. 4 FTIR provides detailed information at the molecular scale on the nature and strength of the association through hydrogen bonding interactions responsible for the microphase separation generated by the polymer blending. The polymer blends were investigated at three distinct temperatures (25, 45 and 75 1C) to probe the thermal stability of microphase-separated structures.
We first report on the effect of blending on the macroscopic mechanical properties. The frequency dependence of the dynamic shear moduli was measured for blends with different compositions at three temperatures. Fig. 1 shows representative data for a 70/30 (P123/PB_UR_OH) blend. The modulus was found to be G 0 4 10 3 Pa at low frequency and largely frequency independent at 25 1C and 45 1C and also G 0 4 G 00 at low frequency. These features are consistent with microphase separation. Melting behavior was observed at 75 1C since the slopes of the powerlaw frequency (o) dependence of G 0 B o p (p = 1.82 AE 0.04) and G 0 B o q (q = 0.98 AE 0.01) are close to those expected for a disordered block copolymer for which p = 2 and q = 1. 1 The crossover point of the elastic and viscous moduli appear at a characteristic angular frequency from which the relaxation time of the system may be determined by simply taking the reciprocal of the frequency. The values are presented in ESI, † Table S1 and plotted in Fig. 2 and Fig. S1 (ESI †). Interestingly, the crossover point follows a non-monotonic dependence with respect to the PB-UR-OH content. Both the modulus (G 0 ) and the relaxation time of the system at the crossover point show a sharp increase above 70% P123. This is correlated to the extent of microphase separation as shown through SAXS, to be discussed shortly. The values in ESI, † Table S1 show that generally the crossover points appear at higher frequencies at 45 and 75 1C than for the systems at 25 1C suggesting that as the temperature is increased the relaxation time shortens.
SAXS is a powerful tool to examine microphase separation in block copolymers in situ 2 and was used to probe the ordering within the P123/PB-UR-OH blends. Representative SAXS profiles for a series of blends at 25 1C as well as the parent polymers are shown in Fig. 3 . These results show no observed peak for P123 consistent with a lack of microphase separation, however, addition of PB-UR-OH leads to a peak at q* = 0.08 Å À1 , indicating microphase separation. The corresponding domain spacing is d = 79 Å. The SAXS peak for the blends is significantly shifted from that for PB-UR-OH, discussed in detail in our previous paper 16 (ca. q = 0.089 Å À1 , i.e. d = 72 Å). The nonmonotonic intensity increase of the SAXS reflection with increasing PB-UR-OH content as well as a slight shift to lower q seems to exclude the possibility of a simple dilution effect of the supramolecular morphology upon addition of the P123 (see Fig. 3 ), confirming the mechanical properties trend observed previously (see Fig. 2 ). Moreover, for a given blend composition, the intensity of the SAXS peak decreases upon increasing temperature ( Fig. 3 and Fig. S2 , ESI †), indicating a reduction in microphase separation. It is seen that when a peak is present the position does not change significantly with temperature, the spacing being between 74-79 Å for the entire range of blends and temperatures (see ESI, † Fig. S2 and Table S2 ). It is noted that some of the systems only have a very weak and broad peak not classed as a lattice spacing. However, the presence of even a weak correlation peak does indicate that phase mixing in the blend is present to a small extent.
To understand the morphology of the blends, the SAXS results have been analysed by fitting the 100 wt% P123 and 50/50 wt% P123 PB-UR-OH SAXS profiles (see ESI, † Fig. S3 ). Both form and structure factors are required to define the overall structure (see ESI † for further details about the fitting parameters). A standard Gaussian polymer form factor with polydispersity in radius of gyration R g of 3 to 5 nm was employed in line with the usual polydispersity of AE3% of the P123 polymer chains. In addition, a mass fractal structure factor was used to model the aggregate morphology. Mass fractals are employed to define clustered objects. A fractal dimension is usually observed between 1 and 3, giving an indication of the extent of branching within the system. The fractal dimension obtained from our fits was D = 2.8, signifying a highly branched globular structure. The model used to fit the 50/50 wt% P123 PB-UR-OH SAXS profile includes both the contribution from pure P123 and a second contribution (Lorentzian distribution) to model the PB-UR-OH scattering within the blend (see ESI, † Fig. S4 ). A decrease in polydispersity of the form factor of the Gaussian polymer (describing P123) due to the monodisperse nature of the added PB-UR-OH polymer is noted. The mass fractal from the structure factor increases slightly, indicating a more branched structure similar to that obtained in analogous blend systems. A Lorentzian structure factor was required to fit the correlation peak in the scattering profile.
FTIR spectroscopy has been employed in order to probe noncovalent interactions associated with the structural organization upon blending. FTIR spectroscopic analysis has been employed extensively to examine the binding of hard and/or soft segments in segmented polyurethanes and polyureas but also the blending with polyethers or polysiloxanes. 25 The analysis of the FTIR absorption bands permits to distinguish among the different interactions related to the functional groups (urea, urethane, hydroxyl and ether groups, [25] [26] [27] [28] ) featured by the polymers that are involved in the hydrogen bonds. The FTIR spectra of P123/PB-UR-OH polymer blends contain details of concomitant and competitive intra-and inter-polymeric interactions, depending on the overlapping of different vibrational modes (see Fig. 4 ). The addition of the PB-UR-OH to P123 will promote the interaction of the polar segments of both polymers. In particular, the ethylene oxide (EO) backbone groups of P123 will form hydrogen bonds to the end groups of the PB-UR-OH whilst interrupting the self-assembly of the hard segments of the PB-UR-OH. The interactions between hard segments in the blend will be assessed by a thorough analysis of the absorption bands (see ESI, † Table S3 ) related to the urea-EO hydrogen bonds to confirm the phase mixing of the blend component.
The absorption band centered at 3400-3000 cm À1 of the P123 FTIR spectrum is very broad and diminishes rapidly with increasing temperature, suggesting weak hydrogen bonds involving the hydroxyl groups. As PB-UR-OH was added to P123 the spectra of the polymer blends firstly shows the appearance of the free hydrogen bonding NH stretching absorption band (free N-H 3445-3495 cm À1 ) 25 which subsequently decreases upon further PB-UR-OH addition (from 30% of PB-UR-OH). In addition, a concomitant sharpening of the signal centered at 3300 cm À1 characteristic of N-HÁ Á ÁCQO hydrogen bonds 29, 30 together with a small shift to lower frequencies suggests the interaction of hard segments of the PB-UR-OH polymer with the ether linkage of the PEO groups at higher concentrations of PB-UR-OH (30%). Temperature increase leads to the disruption of the hydrogen bonds in the low and mid concentration regime (reappearance of the free NH signal at 3490 cm À1 ). The spectral region associated to the carbonyl stretching (amide I) reveals both free urethane and urea stretching band (CQO (urethane) free 1730-1740; CQO (urea) free 1690-1700) up to 30% of the PB-UR-OH whilst the disordered and ordered hydrogen bonded urea is the predominant absorption band at higher PB-UR-OH compositions (40 and 50%, respectively). With increasing temperature, the spectra show similar enhancements of both the free urethane and urea stretching bands. Importantly, the higher content of the free-hydrogen bonded carbonyl urea stretching band when compared to the free-hydrogen bonded N-H stretching band in PB-UR-OH supports our analysis regarding the competition between the interaction of the NH with the carbonyl and the ether oxygen of P123. 29, 30 Furthermore, the higher content of the disordered hydrogen bonded urea stretching band in the spectra of the P123-PB-UR-OH blends relative to the PB-UR-OH adsorption band confirms that the strong interaction of the oxygen ether serves to destabilize the urea packing. 25, 29, 30 Interestingly, the Amide II absorption band (N-HÁ Á ÁCQO 1540-1560 cm À1 ) shows a clear shift from 1520 to 1540 cm À1 related to the reduction in hydrogen bonding as temperature is increased. Variations of the methyl umbrella deformation absorption band (1374 cm À1 ) are indicative of intermolecular interaction. The general sharpening of the absorption band suggest the inhibition of the rotational motion of the PO chains. In addition, the disappearance of the trans conformation of the out-of-phase bending vibration of methylene group at 1284 cm À1 upon PB-UR-OH addition as well as the coalescence with the absorbance band of the gauche conformation at 1300 cm À1 , confirms the higher mobility of the PEO groups of the P123 interacting with the hard segment of the PB-UR-OH. 26, 27 However, the coexistence of absorption bands that correspond to different block interactions in the complex spectra of the polymer blends indicates that there is not strong phase separation between the phases and a diffuse interface between the obtained microphase separation exists.
Conclusions
In summary, we have shown that blending with a supramolecular polymer capable of hydrogen bonding interactions is a novel method to induce microphase separation in Pluronic-type polyether block copolymers. This also provides a simple means to tune the mechanical properties of the blends. The microphase separated structures are observed up to higher temperatures (50 1C). The resulting microphase separated structures have small domain spacings, around 8 nm, although no evidence for defined (e.g. lamellar or hexagonal cylindrical) ordering was noted. Microphase separated block copolymer structures with small domains spacings have recently attracted attention for thin film applications in electronics, specifically in the creation of block copolymer mask structures for high density lithographic patterning of semiconductors. Blending of inexpensive polymers such as Pluronics with supramolecular polymers to induce microphase separation is a valuable new addition to the range of methods to induce microphase separated structures with small domain spacings. 31 FTIR spectroscopy provides a detailed molecular-level interpretation of the intermolecular interactions responsible for the ordering within the blends. In particular, the FTIR spectra show hydrogen bonding interactions between the EO groups of the P123 and the hard segment of the PB-UR-OH that decrease with temperature.
